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Introduction {#sec001}
============

Among 20--30,000 genes encoded by a plant genome, almost one thousand correspond to proteases, and more than one hundred belong to the 15 known families of cysteine-proteases (CysProt) \[[@pone.0128323.ref001]\]. The papain C1A family is the most abundant and its members are divided in cathepsin L-, B-, H- and F-like subgroups \[[@pone.0128323.ref002]\]. C1A protease group is extensively present in land plants, with members ranking from 32 in Arabidopsis to 45 in rice. In barley (*Hordeum vulgare*), the whole CysProt C1A family encoding 41 non-redundant genes has been identified and its participation in different physiological processes has been reported \[[@pone.0128323.ref003]--[@pone.0128323.ref006]\]. Individual C1A protease members are involved in a variety of proteolytic and physiological processes in plants such as senescence, abscission, programmed cell death, fruit ripening, pollen development, and the mobilization of proteins accumulated in seeds and tubers \[[@pone.0128323.ref006]--[@pone.0128323.ref009]\]. Besides, their implication in local and systemic defense responses against pathogens and pests has been also published \[[@pone.0128323.ref010]--[@pone.0128323.ref013]\]. All C1A proteins contain several disulphide bonds and share a conserved catalytic triad formed by a cysteine, a histidine and an asparagine. C1A peptidases from plants are synthesized as pre-proenzymes in the lumen of the endoplasmic reticulum (ER), where the signal peptide is removed. Then, via the trans-Golgi network they are transported to lytic vacuoles, senescent-associated vacuoles and lysosomes, or externally secreted \[[@pone.0128323.ref003], [@pone.0128323.ref014]--[@pone.0128323.ref016]\]. Alternatively, C1A protease precursors are stored in ER-derived organelles (endosperm-cotyledon-embryo ricinosomes and protein bodies) from where they are released upon acidification of the cytoplasm \[[@pone.0128323.ref005], [@pone.0128323.ref017], [@pone.0128323.ref018]\]. The relatively acidic pH of these compartments provides the optimal conditions for protease processing and activation by removing of the N-terminal pro-peptide.

The C1A N-terminal pro-peptides, of 130--160 amino acids long, are involved in the inhibition of their cognate enzyme, participate in the correct subcellular location of the protease and assist in folding of the mature enzyme \[[@pone.0128323.ref019], [@pone.0128323.ref020]\]. The pro-peptides contain the non-contiguous ERFNIN signature found in cathepsin L- and H-like or the ERFNAQ variant in cathepsin F-like, while cathepsin B-like proteases lack this motif \[[@pone.0128323.ref007], [@pone.0128323.ref012]\]. Interestingly, C1A pro-peptides from different species, including plants, have the capacity to inhibit several exogenous C1A peptidases \[[@pone.0128323.ref021]--[@pone.0128323.ref023]\]. Molecular modelling of three-dimensional protein structures has shown that most of the specific inhibitory properties of barley pro-peptides are determined from their interactions with the mature proteases \[[@pone.0128323.ref023]\]. *In vitro* assays and artificial diets using the recombinant pro-region of the papaya proteinase IV have demonstrated a selective inhibition of digestive CysProt from several phytophagous beetles \[[@pone.0128323.ref024]\]. Similarly, pro-regions from two plant pest species, the nematode *Heterodera glycines* and the bean bruchid *Acanthoscelides obtectus*, efficiently inhibited their own CysProt and proteases from other herbivory species \[[@pone.0128323.ref025], [@pone.0128323.ref026]\]. Moreover, it has been demonstrated that the CysProt pro-region from *H*. *glycines* expressed in soybean roots conferred protection against the cyst nematode infestation \[[@pone.0128323.ref027]\]. In this context, the development of protease inhibitors with strong specific inhibitory effects to the targeted organism represents a worthwhile but challenging task. The specificity of the pro-peptide inhibition is a crucial feature to be applied as regulators of CysProt in biotechnological systems. Therefore, plant protease pro-regions can be powerful tools for pathogen and pest control acting in similar way than the specific inhibitors of CysProt known as cystatins \[[@pone.0128323.ref012], [@pone.0128323.ref028]--[@pone.0128323.ref030]\].

Phytophagous insect and acari rely on digestive proteases, carbohydrases and lipases to become macromolecules in absorbable end-products. The pH and redox potential of insect/acari guts determine the optimal conditions for enzyme activity and the quality and quantity of nutrients that can be digested. Among arthropod pests the gut pH is in the slightly acidic to neutral range, with the exception of the alkaline midgut of lepidopteran or the acidic specific regions of midgut of hemipteran and dipteran \[[@pone.0128323.ref031]\]. Accordingly, the proteolytic activity profile in phytophagous coleopteran and acari species have shown the presence of CysProt as the most important digestive enzymes in their guts with a 5.0--7.0 pH range \[[@pone.0128323.ref032]--[@pone.0128323.ref034]\]. Focusing on phytophagous acari, the polyphagous two-spotted spider mite *Tetranychus urticae* (Acari: Tetranychidae) is one of the most devastating agriculture pest worldwide. It feeds on more than 150 crop species, including a wide range of greenhouse and annual and perennial field cultivars \[[@pone.0128323.ref035]\]. The fight against *T*. *urticae* is affected by: its quick development of pesticide resistance due to its short generation time and high population rate \[[@pone.0128323.ref036]\]; the scarce existence of resistant plant cultivars, and their resistance to Bt toxins expressed in transgenic plants \[[@pone.0128323.ref037]\]. The recent annotation of the spider mite genome has allowed identifying a large proliferation of gene families associated with digestion and detoxification of plant secondary compounds \[[@pone.0128323.ref038]\]. The proteolytic digestion of *T*. *urticae* is based mostly on CysProt activities, which is consistent with the strong proliferation of the C1A papain and C13 legumain CysProt gene families found in its genomic sequence \[[@pone.0128323.ref039]\].

In this study, it is analyzed the *in vitro* insecticidal/acaricide capabilities of CysProt pro-regions purified as recombinant proteins against important phytophagous coleopteran and acari. Likewise, *Arabidopsis thaliana* plants expressing different CysProt regions of HvPap-1 are generated to test their potential *in vivo* protection against *T*. *urticae*.

Results {#sec002}
=======

Inhibitory properties of recombinant CysProt pro-peptides against proteolytic activities of different arthropods {#sec003}
----------------------------------------------------------------------------------------------------------------

The inhibitory capability of eight recombinant pro-peptides derived from different barley C1A CysProt (HvPap-1pro, HvPap-4pro, HvPap-6pro, HvPap-10pro, HvPap-12pro, HvPap-16pro, HvPap-17pro and HvPap-19pro) was *in vitro* tested against crude protein extracts of three phytophagous coleopteran species (*Leptinotarsa decemlineata*, *Diabrotica virgifera* and *Tenebrio molitor*) and three phytophagous acari species (*T*. *urticae*, *T*. *evansi and Brevipalpus chilensis*). Previous alignment of the pro-peptide sequences showed strong differences in the amino acid residues ([S1 Fig](#pone.0128323.s001){ref-type="supplementary-material"}). Specific substrates susceptible to be degraded by cathepsin L- and B-like were used for all samples. The inhibition profiles showed that all recombinant pro-peptides reduced cathepsin L- and B-like activities of both insects and mites, although differences among pro-peptides and the target arthropods were observed ([Fig 1](#pone.0128323.g001){ref-type="fig"}). In general, cathepsin B-like activity detected in the crude extracts from the three spider mites was more susceptible to be inhibited by the pro-peptides than the cathepsin L-like activity. A wider variability was found when the *in vitro* inhibitory assays were performed with protein extracts from coleopteran species. The pro-peptide HvPap-19pro reduced about 80% of *L*. *decemlineata* cathepsin L-like activity, while same inhibitory levels of cathepsin B-like action were produced by the pro-peptide HvPap-4pro in the same arthropod species. Similarly, cathepsin B-like proteolytic patterns of *D*. *virgifera* were highly inhibited by HvPap-6pro, HvPap-10pro HvPap-12pro and HvPap-19pro whereas HvPap-4pro was the strongest inhibitor of cathepsin L-like activity of this coleopteran. The CysProt proteolytic activities of *T*. *molitor* extracts were less susceptible to be blocked by the pro-peptides and percentages of protease activity inhibition were not higher than 65%.

![Inhibition of CysProt activities of arthropod protein extracts by barley C1A pro-peptides.\
Inhibitory activity of eight recombinant pro-peptides from barley C1A CysProt (HvPap-1pro, HvPap-4pro, HvPap-6pro, HvPap-10pro, HvPap-12pro, HvPap-16pro, HvPap-17pro and HvPap-19pro) against crude protein extracts of phytophagous acari (*T*. *urticae*, *T*. *evansi* and *B*. *chilensis*) and phytophagous coleopteran (*L*. *decemlineata*, *T*. *molitor* and *D*. *virgifera)*. Specific substrates of cathepsin L- and B-like were used. Data are mean ± SE of triplicate measurements of each sample. Values are expressed as % of inhibition. Different letters indicate significant differences (P\<0.05, HSD test).](pone.0128323.g001){#pone.0128323.g001}

Molecular characterization of Arabidopsis plants expressing different *HvPap-1* gene fragments from barley {#sec004}
----------------------------------------------------------------------------------------------------------

Transgenic Arabidopsis lines were generated in hygromycin medium after Agrotransformation of three independent constructs (SPM, PM and P) containing different fragments derived from the barley *HvPap-1* gene ([Fig 2](#pone.0128323.g002){ref-type="fig"}). T2 generation was recovered and screened for the presence of the transgenes by genomic conventional PCR. Independent plants of each transgenic line derived from each construct (SPM: 1.1, 1.2 and 1.3 lines; PM: 2.1, 2.2. and 2.3 lines and P: 3.1, 3.2 and 3.3 lines) exhibited the expected amplified bands of 1131, 1059 and 351 bp, respectively, which were absent in the non-transformed plants ([S2 Fig](#pone.0128323.s002){ref-type="supplementary-material"}). No phenotypic differences were observed in transformed lines in comparison to the Col control plants.

![Scheme of *HvPap-1* gene structure and the derived gene constructs.\
SP: signal peptide; PRO: pro-peptide; M PROTEIN: mature protein. Numbers indicate amino acid positions. Constructs (SPM, PM and P) containing different fragments of the *HvPap-1* gene under the CaMV35S promoter were fused to the *GFP* gene followed by the NOS terminator.](pone.0128323.g002){#pone.0128323.g002}

The expression of the entire *HvPap-1* gene, the *HvPap-1* gene without signal peptide and the HvPap-1 pro-peptide sequence (SPM, PM and P constructs, respectively) in transformed and non-transformed leaves was analyzed by real-time quantitative PCR (RTq-PCR) using specific primers. The level of the mRNAs was normalized to Arabidopsis ubiquitin constitutively expressed transcripts. Strong differences in gene expression among lines were observed ([Fig 3A](#pone.0128323.g003){ref-type="fig"}). While high levels of messengers were detected in PM-2.1 and P-3.3 lines, lower mRNA content was found in SPM-1.1, SPM-1.3 and PM-2.2 lines. In general, transgenic leaves expressing the pro-peptide sequence (P construct) showed higher expression levels compared to SPM and PM constructs. No transcripts were found in the RNA isolated from non-transformed Arabidopsis plants.

![Analysis of the mRNA, protein expression and proteolytic activities of the transformed and control Arabidopsis plants.\
A. Analysis of the mRNA expression levels of T2 transformed lines and non-transformed control (Col) by RTq-PCR. Values expressed as the relative mRNA levels of the different transgenes were normalized to the Arabidopsis ubiquitin gene expression. B. Protein content detected by western-blot analysis of T2 transformed lines and non-transformed control (Col), using 10 μg of protein/lane and anti-GFP and anti-Rubisco antibodies. Large subunit of Rubisco (RbcL) was used as control loading. MW: molecular weights are indicated in kDa. C. Proteolytic activities of T2 transformed lines and non-transformed control (Col) expressed as nmoles/min/mg, using specific substrates of cathespin L- and B-like. Data are mean ± SE of triplicate measurements of each sample. Different letters indicate significant differences (P\<0.05, Tukey\'s HSD). Transgenic plants were: SPM (lines 1.1, 1.2, 1.3), PM (lines 2.1, 2.2, 2.3) and P (lines 3.1, 3.3, 3.3).](pone.0128323.g003){#pone.0128323.g003}

Transformed and control Arabidopsis lines were also used to analyze the presence of the proteins in leaf extracts by western-blot assays. As shown in [Fig 3B](#pone.0128323.g003){ref-type="fig"}, proteins were identified with the anti-GFP antibody and subsequently revealed by a secondary peroxidase conjugated antibody. As expected, proteins of different sizes, 67, 65 and 39 kDa corresponding to the three HvPap-1 protein fragments fused to GFP, were differentially accumulated in lines expressing different transgenes and were absent in the control. Additionally, *in vitro* proteolytic assays were performed with protein extracts derived from Arabidopsis lines. Specific enzymatic activity, expressed as nmol/min/mg, showed lower levels of cathepsin B-like compared to cathepsin L-like activities in transgenic as well as in control plants ([Fig 3C](#pone.0128323.g003){ref-type="fig"}). Besides, the cathepsin B-like activity was reduced in most of the transgenic lines compared with the Col control, except in the SPM-line 1.1. Again, variations in the proteolytic patterns were found among different lines, but interestingly, transgenic lines over-expressing the pro-peptide sequence (P lines) presented the strongest decrease in both CysProt activities supporting its potential action as enzyme inhibitor.

Subcellular localization in Arabidopsis transgenic plants {#sec005}
---------------------------------------------------------

Transgenic Arabidopsis lines, 14--28 days old, expressing the three independent constructs (SPM, PM and P), containing different fragments derived from the barley *HvPap-1* gene fused to GFP ([Fig 2](#pone.0128323.g002){ref-type="fig"}), were analyzed to determine the protein location. Different location patterns were observed depending on the construct used. A diffuse labeling of GFP signal was observed in the membrane system and ER-derived organelles of root cells expressing the entire *HvPap-1* gene-GFP driven by 35S promoter ([S3A](#pone.0128323.s003){ref-type="supplementary-material"} and [S3G](#pone.0128323.s003){ref-type="supplementary-material"} Fig). The same construct lacking the signal peptide was clearly and intensively detected at the same location, including nuclear, cytoplasmic and ER membranes of root cells ([S3C](#pone.0128323.s003){ref-type="supplementary-material"} and [S3H](#pone.0128323.s003){ref-type="supplementary-material"} Fig). As expected, bright GFP fluorescence was detected at the nuclei and cell cytoplasm of roots transformed with the HvPap-1 pro-peptide-GFP sequence controlled by the 35S promoter ([S3E](#pone.0128323.s003){ref-type="supplementary-material"} and [S3I](#pone.0128323.s003){ref-type="supplementary-material"} Fig).

Spider mite feeding damage on Arabidopsis lines {#sec006}
-----------------------------------------------

To assess the potential defensive effect of the *HvPap-1* gene, *T*. *urticae* was selected to perform bioassays using transformed and non-transformed Arabidopsis lines, containing different fragments derived from the barley *HvPap-1* gene ([Fig 2](#pone.0128323.g002){ref-type="fig"}). Leaf damage was quantified after 4 days of mite feeding ([Fig 4](#pone.0128323.g004){ref-type="fig"}). The transgenic lines SPM-1.2 and -1.3, PM-2.2 and 2.3 and P-3.2 and 3.3, showed significant less foliar damaged area than control plants. Remarkably, the PM-2.1 and P-3.3 transgenic lines showed 4.5and 4.2 mm^2^ of damaged area, respectively, compared to control plant with 11.3 mm^2^ of average pf damaged area. Exceptionally, a significant injury was observed in the P-3.1 transgenic line produced by mite infestation.

![Leaf damage on Arabidopsis transformed and non-transformed lines after *T*. *urticae* infestation.\
Data are mean ± SE of six measurements. Different letters indicate significant differences (P\<0.05, Tukey\'s HSD). Transgenic plants were: SPM (lines 1.1, 1.2, 1.3), PM (lines 2.1, 2.2, 2.3) and P (lines 3.1, 3.2, 3.3).](pone.0128323.g004){#pone.0128323.g004}

Effects of Arabidopsis transgenic plants on mites {#sec007}
-------------------------------------------------

T2 transformed and non-transformed Arabidopsis lines were used to investigate the transgene effects on *T*. *urticae*. As shown in [Fig 5](#pone.0128323.g005){ref-type="fig"}, mite mortality quantified after 10 days feeding reached values between 67 and 95% when mites fed on transformed lines compared to the 32% on non-transformed plants. Developing time from neonate larvae to nymph lasted 4.88 ± 0.3 days for mites fed on control plants, whereas ranged from 3.97 ± 0.4 to 5.11 ± 0.2 days when fed on transformed lines ([S1 Table](#pone.0128323.s005){ref-type="supplementary-material"}). These differences observed between transgenic and non-transgenic lines were not statistically significant.

![Effects of transgenic Arabidopsis lines expressing different fragments of the *HvPap-1* gene on *T*. *urticae* mortality.\
Mite mortality expressed as percentage was measured after 10 days of mite of feeding with neonate larvae. Transgenic plants were: SPM (lines 1.1, 1.3), PM (2.1, 2.3) and P (lines 3.1, 3.3). Different letters indicate significant differences (P\<0.05, Tukey\'s HSD test).](pone.0128323.g005){#pone.0128323.g005}

The expression levels of potential mite target transgenes were analysed in adult female mites after 10 days feeding on transformed lines (SPM-3.1, -3.3; PM-2.1, -2.3; and P-3.1, -3.3) and non-transformed Arabidopsis plants (Col). Mite cathepsin L-like (*TuPap49*, *TuPap38*, *TuPap41* and *TuPap42* genes), B-like (*TuPap17* and *TuPap12* genes); D-like (*TuPep2* gene); legumain (*TuLeg5* and *TuLeg10* genes), cystatin (*TuCPI3*, *TuCPI4* genes) and thyropin (*TuThy-1* gene) were selected as the highest expressed genes of each family from RNAseq information available at the ORCAE *T*. *urticae* data base \[[@pone.0128323.ref040]\]. Among the mite cathepsin L-like genes analysed, induced expression levels were mainly found in mites fed on transgenic plants PM-2.1 and P-3.3 ([S4A](#pone.0128323.s004){ref-type="supplementary-material"}--[S4D](#pone.0128323.s004){ref-type="supplementary-material"} Fig). Regarding the two cathepsin B-like genes, both genes were clearly induced on mites fed on PM lines ([S4E](#pone.0128323.s004){ref-type="supplementary-material"} and [S4F](#pone.0128323.s004){ref-type="supplementary-material"} Fig). Similarly, the expression of legumain and cathepsin D-like genes was up-regulated in those mites that were fed on the two PM lines (2.1 and 2.3) ([S4G](#pone.0128323.s004){ref-type="supplementary-material"}--[S4I](#pone.0128323.s004){ref-type="supplementary-material"} Fig). Curiously, mite genes encoding cystatins, specific inhibitors of CysProt, were also induced in mites after feeding on PM transgenic lines ([S4J](#pone.0128323.s004){ref-type="supplementary-material"} and [S4K](#pone.0128323.s004){ref-type="supplementary-material"} Fig) while no differences in thyropin expression were observed in mites fed on different transgenic lines with the exception of the P-3.3 line ([S4L Fig](#pone.0128323.s004){ref-type="supplementary-material"}).

Discussion {#sec008}
==========

In previous reports, the *in vitro* inhibitory properties of several recombinant pro-peptides from barley C1A cathepsin L-, B- and F-like against their own enzymes or/and towards commercial proteases were analysed and kinetic assays revealed that all pro-peptides exhibited a competitive inhibition \[[@pone.0128323.ref005], [@pone.0128323.ref023]\]. Now, to obtain further insights on the protective role of these C1A pro-sequences, we selected phytophagous coleopteran and acari species, whose CysProt are the main digestive enzymes in their guts \[[@pone.0128323.ref033], [@pone.0128323.ref034], [@pone.0128323.ref041]--[@pone.0128323.ref043]\]. Pro-peptides showed specific inhibitory action against cathepsin B-and L-like activities in all crude extracts from the arthropods tested. However, differences in susceptibility of target enzymes of mite and coleopteran and even among the three mite species and the three coleopteran species were found. Our results suggest that the most appropriated pro-peptide should be specific and dependent on the target arthropod to be controlled. This represents a potential tool and allows the design of accurate strategies using specific rather than general inhibitors to combat specific pests.

Our previous findings identified a proliferation of C1A CysProt in the spider mite *T*. *urticae* genome \[[@pone.0128323.ref038], [@pone.0128323.ref039]\] and demonstrated their susceptibility as targets of cystatins \[[@pone.0128323.ref029], [@pone.0128323.ref033]\]. For this reason, we selected this arthropod to perform bioassays and we chose the *HvPap-1* gene pro-peptide based on the high capability to equally inhibit cathepsin L- and B-like activities in *T*. *urticae* extracts. Transformed plants expressing the entire *HvPap-1* gene, the *HvPap-1* gene without signal peptide and the *HvPap-1* pro-peptide sequence were generated to analyze their putative acaricide effects on *T*. *urticae*. The presence of the transgene transcripts and the corresponding proteins in Arabidopsis lines seemed to be parallel to a reduction in their CysProt proteolytic profiles, particularly in the transgenic lines overexpressing the pro-peptide sequence (P: 3.1, 3.2, 3.3 lines). This data suggested that the HvPap-1 pro-peptide had higher affinity to inhibit C1A cathepsin B-/L-like enzymes when expressed in heterologous systems. Some scenarios can be presented in the *HvPap-1* overexpressing lines: i) inhibition of the expression/activity of other proteases from the same or different class as a result of adapting mechanisms; ii) induction of specific/non-specific protease inhibitors (cystatins) to control protease activity; iii) production of processed pro-peptide with higher affinity to other proteases than its cognate enzyme. This wide range of responses is particularly frequent in protease genes belonging to a multigene family and may produce unexpected results, probably due to their redundant functions.

A key point to compare the pro-peptide effects among transgenic lines is the different location of the specific GFP-constructs used to generate each transgenic line. While SPM and PM lines, containing the *HvPap-1* gene with or without signal peptide, showed similar protein location with differences in the fluorescence intensity, the pro-domain expressed in P lines was located at the nuclei and cell cytoplasm. The protease precursor activation requires appropriated cellular environment for the protease processing \[[@pone.0128323.ref020]\]. Once the inhibitory pro-domain was claved off from its cognate enzyme, it is ready to specifically bind to other proteases and in consequence inhibit their activities. Thus, differences in specific enzymatic activities found among Arabidopsis lines could be also supported by their different environmental conditions of their sub-cellular location, as was demonstrated in the *ex vivo* processing study performed for maturation of certain Arabidopsis KDEL-CysProt \[[@pone.0128323.ref018]\].

Feeding trials conducted with the two-spotted spider mite resulted in a significant reduction of leaf damage observed in most of the transgenic lines in comparison to non-transformed control that strongly correlated with an increase in mite mortality. These results demonstrated the susceptibility of mite CysProt to be inhibited by the HvPap-1 pro-peptide and corroborated the crucial role of these enzymes in the mite physiology. The inhibition of the proteolytic processes mediated by this specific pro-peptide may reduce mite access to essential amino acids. Consequently, protein function can be impaired disrupting mite physiological events and, in consequence, increasing mortality. Similar results were shown after performing mite feeding bioassays on double transformed Arabidopsis lines expressing simultaneously cysteine- and serine-protease inhibitors (barley cystatin 6 plus CMe inhibitor). In this case, a parallel retardation tendency in the larvae development corroborated the role of the serine proteases in the spider mite growth \[[@pone.0128323.ref029]\]. In contrast, no effects of transgenic plants were observed on mite developmental process determined as time needed by *T*. *urticae* larvae to reach the adult stage *in planta*. Probably, the HvPap-1 pro-peptide preferentially inhibited CysProt involved in mite digestion. Additionally, our data are in agreement with the results described by Visal et al. \[[@pone.0128323.ref024]\] which demonstrated that the pro-region of papaya proteinase IV inhibited digestive CysProt of the Colorado potato beetle (*L*. *decemlineata*), and particularly with the protection against nematode infestation conferred by the transgenic expression of the CysProt pro-region from *H*. *glycines* \[[@pone.0128323.ref027]\]. Furthermore, not only phytophagous mites or insects can be controlled by inhibitory peptides, in previous works have been shown that pro-domains of other protease families from different origin efficiently inhibited enzymes of parasites and pathogens \[[@pone.0128323.ref026], [@pone.0128323.ref044], [@pone.0128323.ref045]\]. In this scenario, we decided to analyze mite responses after feeding on transgenic lines by analyzing the expression levels of a selection of potential mite targets. Curiously, we found that mites fed on PM-2.1 and P-3.3. lines (that presented less foliar damage but produced the highest mite mortality) showed a high induction of the four selected cathepsin L-like genes. Additionally, mite genes encoding cathepsin B-like, legumain and cystatin were also up-regulated after feeding on PM-2.1, 2.3 and P-3.3 lines. The over-expression of targeted proteases, the induction of other non-targeted enzymes or even the activation of protease inhibitors have been described as a common strategy to counteract inhibitory activities \[[@pone.0128323.ref029], [@pone.0128323.ref046], [@pone.0128323.ref047]\].

It is well documented that C1A CysProt have performed crucial defence roles in pathogen/pest interactions through different mechanisms of action \[[@pone.0128323.ref010]--[@pone.0128323.ref013], [@pone.0128323.ref042]\]. The potential interest of the pro-peptides as part of the CysProt has appeared as an alternative to control pest in those cases where Bt genes resulted unsuccessful such as against mite pests \[[@pone.0128323.ref037], [@pone.0128323.ref048]\]. Furthermore, pro-peptide sequence can act as defense transgenes when integrated into gene pyramiding strategies. They could exert similar mechanism of action than cystatins or other related molecules \[[@pone.0128323.ref029], [@pone.0128323.ref033], [@pone.0128323.ref049], [@pone.0128323.ref050]\].

Conclusions {#sec009}
===========

-   C1A CysProt pro-peptides from barley, expressed as recombinant protein, specifically inhibited cathepsin L- and B-like proteolytic activities of phytophagous coleopteran (*L*. *decemlineata*, *D*. *virgifera* and *T*. *molitor*) and phytophagous acari (*T*. *urticae*, *T*. *evansi* and *B*. *chilensis*).

-   The stable expression of the CysProt HvPap-1 pro-peptide from barley in Arabidopsis confers protection against *T*. *urticae* spider mite feeding.

-   *T*. *urticae* spider mites try to counteract the HvPap-1 pro-peptide inhibitory action by over-expressing CysProt of different classes, including C1A and C13 families.

-   CysProt pro-peptides seem to be promising proteins to control mites and insect pests in biotechnological systems, becoming in a potential tool to design accurate strategies dependent on the target arthropod to be controlled.

Materials and Methods {#sec010}
=====================

Expression and purification of recombinant pro-peptides from *E*. *coli* {#sec011}
------------------------------------------------------------------------

cDNA fragments spanning the putative pro-peptide regions *HvPap-1*, *-4*, *-6*, *-10*, *-12*, *16*, *-17* and *-19* genes \[[@pone.0128323.ref002]\] were amplified and cloned into expression vector pRSETB as described \[[@pone.0128323.ref005], [@pone.0128323.ref023]\]. The corresponding recombinant CysProt pro-peptides (HvPap-1pro, HvPap-4pro, HvPap-6pro, HvPap-10pro, HvPap-12pro, HvPap-16pro, HvPap-17pro and HvPap-19pro) were expressed and purified according to Martinez et al. \[[@pone.0128323.ref003]\]. Alignment of the amino acid pro-peptide sequences was performed using the default parameters of MUSCLE ([S1 Fig](#pone.0128323.s001){ref-type="supplementary-material"}).

Inhibitory activity of pro-peptides against phytophagous arthropods {#sec012}
-------------------------------------------------------------------

Three coleopteran (*L*. *decemlineata*, *T*. *molitor* and *D*. *virgifera*) and three acari (*T*. *urticae*, *T*. *evansi* and *B*. *chilensis)* species were selected to analyze pro-peptide inhibitory activities. Protein extracts from *T*. *molitor* larvae, *L*. *decemlineata* isolated guts, lyophilized samples of *D*. *virgifera* (gifts of Dr. Ortego, CIB-CSIC, Spain); and lyophilized samples of *B*. *chilensis* (gift of Dr. Gambardella, PUC, Chile) were isolated. Colonies of *T*. *urticae* (London strain) and *T*. *evansi* (Beausoleil strain) reared on *Phaseolus vulgaris* and *Solanum nigrum* plants, respectively, in our laboratory at 25°C, 70% relative humidity and 16h/8h day/night photoperiod, were also used to extract total proteins. All arthropod samples were homogenized in 0.15 M NaCl, centrifuged at 10,000 rpm for 5 min and the supernatants were used to quantify protein content using a Nanodrop ND. The inhibitory activity of the eight recombinant pro-peptides was *in vitro* tested against the different arthropod proteins. The standard assay volume was 100 μL, containing 2 μg of arthropod proteins in a buffer A (100 mM sodium phosphate pH 6.0, L-cysteine, 10 mM EDTA and 0.01% Brij35). Different amounts of recombinant pro-peptides (1.0 μg of HvPap-1pro and HvPap-16pro; 0.5 μg of HvPap-4pro, HvPap-10pro, HvPap-12pro, HvPap-17pro and HvPap-19pro; and 0.1 μg of HvPap-6pro) were used, based on the *Ki* values previously obtained against commercial cathepsins \[[@pone.0128323.ref005], [@pone.0128323.ref023]\]. After a pre-incubation at 28°C for 20 min, the substrates Z-FR-AMC (N-carbobenzoxyloxy-Phe-Arg-7-amido-4-methyl coumarin) and Z-RR-AMC (N-carbobenzoxyloxy-Arg-Arg-7-amido-4-methyl coumarin) were added to a final concentration of 25 μM to assess the inhibition of cathepsin L-like and B-like activities, respectively. Reactions were incubated for 2.5 h at 28°C and fluorescence was measured with a 365 nm excitation filter and 465 nm emission filter. Assays were performed in triplicate and blanks were used to account for the spontaneous breakdown of substrates. Results are expressed as percentages of inhibition of cathepsin L- and B-like activities.

Plasmid constructs and plant transformation {#sec013}
-------------------------------------------

Three different fragments spanning the whole *HvPap-1* ORF including the signal peptide sequenced from barley (*Hordeum vulgare*) were amplified using specific primers ([S2 Table](#pone.0128323.s006){ref-type="supplementary-material"}). The three constructs contained: i) the entire *HvPap-1* gene containing the signal peptide, the N-terminal pro-peptide and the mature protein (construct SPM); ii) the *HvPap-1* gene without signal peptide (construct PM); and iii) the *HvPap-1* pro-peptide sequence (construct P). The *HvPap-1* ORF derived fragments were cloned into a Gateway binary vector pGWB5 (Invitrogen) under the CaMV35S promoter and fused to the *GFP* gene ([Fig 2](#pone.0128323.g002){ref-type="fig"}). Transgenic *A*. *thaliana* Columbia (Col) were generated by the *Agrobacterium*-mediated floral dip method \[[@pone.0128323.ref051]\]. Transgenic and non-transformed Col plants were grown under controlled conditions at 22°C, 70% relative humidity and 16h/8h day/night photoperiod. Arabidopsis seeds from transgenic plants were harvested and plated onto 1/2 MS medium containing 50 μg/ml hygromycin and the resultant seedlings were transplanted to soil and allowed to set seeds. The genotype of the transgenic plants was determined by a segregation test using the seed progenies and growing the T2 transgenic plants on a 1/2 MS solid medium with hygromycin (50 μg/ml). T2 homozygous seeds were selected for further characterization and mite bioassays.

Nucleic acid analysis {#sec014}
---------------------

Total DNA was isolated from control and T2 selected transgenic lines (SPM: 1.1, 1.2 and 1.3; PM: 2.1, 2.2 and 2.3; P: 3.1, 3.2 and 3.3). The presence of the transgene sequences was analyzed by conventional PCR using specific primers ([S2 Table](#pone.0128323.s006){ref-type="supplementary-material"}) and particular reaction conditions (40 cycles with 30 sec at 95°C, 80 sec, 70 sec or 40 sec at 60°C for SPM, PM and P constructs, respectively, plus 80 sec at 72°C). Amplified products were separated on 1% agarose electrophoresis gels. For RTq-PCR assays, total RNA was extracted from control and transgenic leaves by the phenol/chloroform method \[[@pone.0128323.ref052]\]. RNA was also prepared from *T*. *urticae* after 2 days of feeding on leaf disks from control and transgenic Arabidopsis lines. Total RNA was purified with TRiZOL (Ambion) following manufacturer instructions, and some modifications previously described by Santamaria et al. \[[@pone.0128323.ref029]\]. cDNAs were synthesized from 2 μg of RNA using the Revert Aid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific Fermentas) following manufacturer instructions. RTq-PCR conditions were 45 cycles with 15 sec at 95°C, 1 min at 55°C and 5 sec at 65°C. FastStart Universal SYBR Green Master (Roche) was used in a total volume of 20 μl. For negative controls, H~2~O was used instead of cDNA. PCR reactions, performed in multiplate PCR plates (BioRad), were carried out in a C1000 thermal cycler with CFX96 optical reaction module (BioRad) and results were analyzed using CFX Manager Software 2.0 (BioRad). Triplicate assays were done and quantification was standardized to ubiquitin or Rp49 mRNA levels for plant and spider mite samples, respectively. Gene expression values were referred as relative expression (2^-dCt^) and fold change (2^-ddCt^) for plant and *T*. *urticae* samples respectively. Primers used to perform Arabidopsis and *T*. *urticae* RT-qPCR are in [S3](#pone.0128323.s007){ref-type="supplementary-material"} and [S4](#pone.0128323.s008){ref-type="supplementary-material"} Tables, respectively.

Protein detection {#sec015}
-----------------

Leaves from transgenic and control Arabidopsis plants were ground and resuspended in extraction buffer (0.15 M NaCl, 50 mM sodium phosphate pH 6.0, 2 mM EDTA). After centrifugation at 10,000 rpm for 5 min, supernatants were recovered and stored at -20°C. Total protein concentration was determined by the method of Bradford \[[@pone.0128323.ref053]\] using the Bio-Rad protein assay (Bio-Rad Laboratories, Germany) with Bovine Serum Albumin (BSA) as standard. 10 μg of protein extracts were separated on SDS-plyacrylamide gels (12--15% w/v) according to Laemmli (1970) \[[@pone.0128323.ref054]\] and electro-transferred onto nitrocellulose membrane (Amersham Protean, GE Healthcare). Membrane was blocked with 3% BSA in phosphate-buffered saline with 0.05% Tween (PBST) and incubated with the commercial anti-GFP polyclonal antibody (1:1000, v:v) produced by Roche. Alternatively, it was used the commercial antibody against to the large subunit of Rubisco (1:1000, v:v) produced by Agrisera. After several washes, membrane was probed with peroxidase conjugated anti-rabbit IgG (1:10000, v:v), for detection with SuperSignal Detection Kit (Pierce).

Enzymatic activities {#sec016}
--------------------

Enzymatic activities of plant protein extracts were *in vitro* tested using Z-FR-AMC and Z-RR-AMC as substrates of cathepsin L- and B-like proteases, respectively. Assays were carried out in microplates. 2 μg of protein extracts were incubated with the substrate at a final concentration of 25 μM using the buffer A. Hydrolysis of substrates containing the AMC (7-amido-4-methyl coumarin) fluorophore was measured to detect cathepsin B- and L-like activities. Specific enzymatic activity was calculated as nmoles of substrate hydrolyzed/min/mg protein. All assays were carried out in triplicate and blanks were used to account for spontaneous breakdown of substrates.

Subcellular location of *HvPap-1* gene fragments {#sec017}
------------------------------------------------

Homozygous Arabidopsis lines expressing SPM, PM or P constructs, described above, were selected to analyse transgene location. Hypocotyl, leaf and root samples were observed and finally, fluorescence images from roots were taken using a fluorescence microscope Zeiss Axiophot.

Leaf damage quantification on Arabidopsis plants after mite feeding {#sec018}
-------------------------------------------------------------------

Damage quantification was done on Arabidopsis control and T2 transgenic lines (SPM: lines 1.1, 1.2 and 1.3; PM: lines 2.1, 2.2 and 2.3 and P: lines 3.1, 3.2 and 3.3) after spider mite feeding. Three week old plants were infested with 20 adults of *T*. *urticae* per plant. 4 days after infestation, the leaf damage was assessed according to Santamaria et al. \[[@pone.0128323.ref029]\]. Damaged leaves were scanned using a scanner (HP Scanjet 5590 Digital Flatbed Scanner) and injury was calculated as mm^2^ of affected tissue using Adobe Photoshop CS software according to Cazaux et al. \[[@pone.0128323.ref055]\]. Six replicates per plant per transgenic line and non-transformed control were done.

Mite bioassays on Arabidopsis plants {#sec019}
------------------------------------

Entire detached leaves from control and selected T2 transgenic lines (SPM: 1.1 and 1.3; PM: 2.1 and 2.3; P: 3.1 and 3.3) were used to carry out spider mite bioassays. A special confined structure was designed to perform the mite developmental and mortality tests. Briefly, a small Petri dish (Ø = 4 cm) with a ventilation system was separated in two parts by a parafilm layer. The down part of the plate was filled with water through a hole in the parafilm layer. Entire leaf was placed across the parafilm, remaining the petiole in touch with the water. Eggs from *T*. *urticae* were collected using sieves according to Cazaux et al. \[[@pone.0128323.ref055]\]. Approximately, one hundred eggs were placed on the detached leaf. To avoid mite escapes, dishes were sealed with a parafilm layer around the edge. Samples were maintained under controlled conditions at 25°C, 70% relative humidity and 16h/8h day/night photoperiod. Next day, neonate larvae were counted to start the development experiment. During the following 10 days, larvae become neo-nymph or death larvae were counted day by day, in order to calculate both developmental and mortality rates. New fresh leaf from new plants was added every 2 days of assay. Results are represented as percentages of mortality and days needed for larvae to become neo-nymph. Six replicates per transgenic line and non-transformed control were done.

Statistical analysis {#sec020}
--------------------

Differences in inhibitory and enzymatic activities, leaf damage, mite mortality and gene expression levels were compared by one-way ANOVA, followed by studentized range distribution of Tukey\'s HSD (honest significant difference) test using R statistic software.

Supporting Information {#sec021}
======================

###### Alignment of the amino acid pro-peptide sequences.

Putative pro-peptides of HvPap-1, -4, -6, -10, -12, -16, -17 and -19 proteins were aligned by MUSCLE program.

(PPTX)

###### 

Click here for additional data file.

###### PCR analysis of T2 transgenic and non-transformed Arabidopsis lines.

Genomic PCR was performed using specific primers described in the Table S2. Transgenic plants were: SPM (lines 1.1, 1.2, 1.3); PM (lines 2.1, 2.2, 2.3); P (lines 3.1, 3.2, 3.3) and non-transformed control (Col). M: 100 bp molecular size marker. Numbers indicate the size of the corresponding amplified fragments.

(PPTX)

###### 

Click here for additional data file.

###### Location of *HvPap-1* gene fragments fused to GFP in transformed Arabidopsis lines.

Location of the entire *HvPap-1* gene (A and G), the *HvPap-1* gene lacking the signal peptide (C and H) and the *HvPap-1* pro-peptide sequence (E and I) in mature root cells. Same images were taken under light field conditions (B, D, F). Transgenic plants were: SPM, PM and P lines. Similar images were acquired from three independent transgenic plants. Scale bars: 75 μm (A-I).

(PPTX)

###### 

Click here for additional data file.

###### Mite gene expression levels after feeding on transformed and control Arabidopsis lines.

Adult female mite genes encoding cathepsin L-like (A,B,C,D); cathepsin B-like (E,F); legumain (G,H); cathepsin D-like (I); cystatin (J, K) and thyropin (L) were analysed after 10 days feeding on transformed and non-transformed Arabidopsis lines. Transgenic plants were: SPM plants (lines 1.1, 1.3), PM plants (lines 2.1, 2.3), P plants (lines 3.1, 3.3) and non-transformed control (Col). Data were the mean ± SE of two replicates for each sample. Different letters indicate significant differences (P\<0.05, HSD test).

(PPTX)

###### 

Click here for additional data file.

###### Effects of the transgenic Arabidopsis lines on *T*. *urticae* development after feeding bioassay.

(DOCX)

###### 

Click here for additional data file.

###### Oligonucleotide primers used for conventional PCR of barley *HvPap-1* gene.

(DOCX)

###### 

Click here for additional data file.

###### Oligonucleotide primers used for RTq-PCR of *Arabidopsis* transgenic lines.

(DOCX)

###### 

Click here for additional data file.

###### Oligonucleotide primers used for RTq-PCR of *T*. *urticae* genes.

(DOCX)

###### 

Click here for additional data file.
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